Introduction
Secondary succession of plants has interested biologists for over a century since Clements (1916) and Gleason (1917) suggested their contrasting theories: one, a holistic theory with a climax equilibrium stage and the other an individualistic one with an open-ended view of succession. Egler (1954) suggested that vegetation development occurs in one of two ways: relay floristics, in which one species establishment relays to the next and initial floristics, in which different species establish in a site and assume predominance at different stages of development. In terms of the processes during succession, Connell and Slatyer (1977) suggested three distinct mechanisms of species interactions: facilitation, tolerance and inhibition, while Pickett, Collins and Armesto (1987) suggested a combination of these at different successional stages. More recent research has focussed on additional factors that affect successional patterns such as: 1) the disturbance regime; the scale and frequency of disturbances (Denslow, 1980; Lawrence et al., 2005) , 2) environmental factors such as soil and climate (Bazzaz, 1979; Pickett, Collins & Armesto, 1987) , 3) biotic factors such as herbivory (Coley, 1983) , phylogenetic structure of plant communities (Letcher et al. 2014) , life history strategies (Bazzaz, 1979; Denslow, 1980) and functional traits of species (Schleicher, Peppler-Lisbach & Kleyer 2011) .
These factors can be expected to be species-and site-specific in different seral stages of succession (Bazzaz, 1979; Uhl, 1987) . Initially, during succession from a clearing to a forest, early successional species may establish and survive since they are better adapted to the harsh and variable environmental conditions, whereas propagules of mature forest species and old successional species may fail to germinate and survive in such sites (Bazzaz, 1979) . Among the environmental factors that affect species differentially, light availability has been shown to limit tree seedling recruitment of some species while facilitating that of others (Beckage, Lavine & Clark, 2005; Walters & Reich, 1996) . Herbivory by vertebrate browsers and invertebrates, which is considered an important bottleneck in the regeneration stage, can also be expected to vary in different successional stages (De Steven, 1991; Coley & Barone, 1996) . Insect herbivory has been shown to be high during the early years of succession, with herbivory assemblages changing from foliar-feeding insects in early stages to sap-feeding insects in the later stages of succession (Brown & Gange, 1992 , Carson & Root, 1999 . While mammal herbivory can be higher in early successional sites due to higher visibility of seedlings, it can also be higher in older successional sites and forests where the vertebrate abundance is usually higher (Tabarelli & Peres, 2002) .
Existing vegetation in an early successional site may foster survival of pioneer species while hindering that of mature forest species (Davis, Wrage & Reich, 1998; Putz & Canham, 1992) .
These theories pertaining to succession mechanisms and the role of biotic and abiotic factors can be tested by introducing propagules of species with different life history strategies in mature forest and different-aged successional sites, manipulating different factors in plots within sites and monitoring their survival over time. Several studies in the past have undertaken such experiments (e.g. Armesto & Pickett, 1985; Beckage & Clark, 2003; Berkowitz, Charles & Victoria, 1995; De Steven, 1991; Uhl, 1987) , however field experiments from the Old World are few (Fayolle et al., 2015 , Goodale et al., 2014 Khan & Tripathi,1989 , Lin et al., 2014 . These multi-factor experiments are difficult to simulate in natural conditions. However, a shifting cultivation landscape, which involves a continuous cycle of clearing and secondary succession, creating a landscape where spatially separated sites can represent temporal stages of succession, provides such a quasi-experimental setup. The succession phase, however, is relatively short due to repeated cycles of cultivation and site manipulation for cultivation can alter natural succession patterns. Despite these shortcomings, studying succession at such sites has practical advantages: while patterns in older sites can be used to infer succession over relatively long periods of time, successional sites representing a range of different-aged sites can be used to identify temporal trends in succession (Pickett, 1989) .
We used an artificially maintained seral stage gradient (from recently cleared to mature forest) to measure seedling success of three tree species with contrasting life history traits. We chose a pioneer, an intermediate and a mature forest species based on the relative abundances of the species in different successional sites and uncut forest in the study site (data from Teegalapalli & Datta 2016) . We undertook a series of controlled experiments to examine the effects of light availability, herbivory and competition on survival across this gradient. The specific objectives of our research were: 1) to understand the effects of the age of a successional site on the seedling survival of a mature, a pioneer and a mid-successional tree species, and 2) to understand the effects of shade, existing vegetation and mammalian herbivory on the seedling survival of these species in differentaged successional sites and uncut forest. Based on existing literature, we predicted that: 1) the three species will have higher seedling survival in the successional sites where the adults of the species were relatively abundant, 2) herbivory by mammals will negatively affect seedling survival in the early successional site, 3) providing artificial shade will improve seedling survival, particularly for the mature species in the early successional sites, and, 4) clearing aboveground vegetation in the early successional sites will improve seedling survival of the three species by reducing competition.
Materials and methods

Study site
We undertook our experiments in a shifting cultivation landscape around Bomdo village in the Eastern Himalaya ( Figure 1 ). The village is located in the Upper Siang district of the state of Arunachal Pradesh (India) at 28.753º N and 94.896º E. The region receives relatively high rainfall of over 4000 mm every year (Anonymous, 2015) and features tropical wet-and semi-evergreen forests and sub-tropical broad-leaved forests in the areas above 800 msl (Singh et al., 1996) . The resident Adi community practice shifting cultivation in a rotational system in three large blocks around the village. The fallow period, the gap between two cultivation cycles is at least 10 years, as shown in other sites in the Upper Siang district (Borang, 1997) . Some of the patches in the landscape have been abandoned for relatively long periods (over 100 years) due to factors such as inaccessibility and low productivity. The Adi maintain a systematic oral cultivation history based on which we selected successional sites that were cultivated and left fallow for 2, 6, 12, 25, 50 and about 100 years and an uncut forest site (hereafter, referred to as uncut forest) in the landscape for comparison. Uncut forest in this study represents moderately disturbed uncut forest rather than a mature forest that is devoid of any human disturbance. Hereafter, we refer to the 2 and 6 year sites as early, the 12 and 25 year sites as intermediate and the 50 and 100 year old sites as old successional sites. The sites were located within 1000 m distance of each other and ranged in elevation from 750 to 1100 msl. Prior permission to undertake the research in the shifting cultivation landscape around the village was sought from the village elders. 
Study species
We used three species with differing life-history strategies: Castanopsis indica (Roxb.) A. DC. another study (Teegalapalli & Datta, 2016) . C. indica, (hereafter, Castanopsis) is a shade-tolerant mature forest species that was recorded only from the uncut forest and comprised about 6 % of all individuals in that forest. C. indica and two more species from the genus Castanopsis comprised about a fourth of all individuals recorded from the uncut forest. S. nepalensis, (hereafter, Saurauia), a light-loving pioneer species was a dominant species in the early successional sites comprising 70 % and 44 % of all trees recorded from 6 and 12 year old sites, and was not recorded from the 100 year site and uncut forest. T. myriocarpa, (hereafter, Terminalia), a fast-growing hardwood species (Bhattacharya & Nanda, 2005; Qureshi, 1968 ) was recorded in low numbers, only from intermediate successional sites (12 and 25 year sites), and is considered as a mid-successional species. While in this site it was only recorded from intermediate successional stages, the species has been recorded as a dominant tree in tropical semi-deciduous forests in Arunachal Pradesh and other parts of North-east India (Bhuyan, Khan & Tripathi et al., 2003) .
Experimental setup
We used a multifactorial design with three treatments within each block: clearing of above-ground vegetation to reduce competition with existing vegetation, artificial shade to manipulate available light and exclusion of mammal herbivory across different-aged sites and uncut forest. Although insect herbivory is an important factor affecting seedling survival in tropical forests (Coley & Barone, 1996; Crawley, 1983) , we did not test for this factor because we refrained from spraying chemicals to exclude insect herbivory in a shifting cultivation site that was actively used for agriculture by the local community. We used a block design with eight 1 × 1 m In the treatment plots, we controlled for mammal herbivory by fencing the plot using metal wiremesh exclosures. The primary mammalian herbivores in the study area are barking deer (Muntiacus muntjak) and wild pig (Sus scrofa). Apart from wild mammalian herbivores present in the landscape, the Adi community rears domestic pigs and a species of bovid locally called Mithun (Bos frontalis), which are free-ranging livestock. We manipulated available light using 40 % artificial 
Analytical methods
Across all sites
Generalized Linear Mixed Models (GLMMs) were used with the proportion of seedlings alive at the end of the study in each 1 × 1 m plot as the response variable (varying from 0 to 1). Fixed effects were of the different treatments (singly and in combination) and age of site, and within-site block identity was included as a random effect. To use 'age of the site' as a continuous variable for the analysis, the uncut forest was assigned an age of 300 years (e.g. Raman, Rawat & Johnsingh, 1998; Riswan, Kenworthy & Kartawinata, 1985) . We used GLMMs with the seedling survival status of each seedling at the end of the study (dead or alive) as the response variable, the different treatments, singly and in combination as fixed effects and variation between blocks as well as variation between seedling replicates as random effects to investigate the importance of treatments within different-aged sites and uncut forest. We used the statistical software R for the analyses with the 'survival' package for survival analysis (Therneau, 2015) and 'lme4' package (Bates et al., 2015) for GLMMs (R Development Core Team, 2015) .
Survival curves
We used Kaplan-Meier (K-M) survival curves for plotting seedling survival patterns (Kaplan & Meier, 1958) . The curves were used to visualise the right-censored survival data (some of the seedlings were still alive at the end of the study) of seedlings in control and treatment plots and log rank tests were used to determine if the curves differed statistically, which indicated the effects of different treatments on the survival period of seedlings. Log rank tests are similar to the Chi-square tests, in which a test statistic is calculated to test the null hypothesis that the survival curves are similar for the groups being compared.
Results
General patterns
Across all sites, overall seedling mortality was 7 %, 23 % and 35 % within the first month for Saurauia, Castanopsis and Terminalia, respectively, which increased to 25 %, 30 % and 55 % in the first three months. A majority of the mortality in the first quarter was from the early successional sites. About a third of the seedlings of Castanopsis and Saurauia and about a fourth of the seedlings of Terminalia survived till the end of the study. While few Saurauia seedlings survived in the control plots in the 2 year site (13 % survival), seedlings in the control plots survived relatively well in the 6 (40 % survival) and 12 year (33 % survival) sites as well as in the low in the control plots in the early successional sites (nil in the 2 year site and 13 % survival in the 6 year old site) and more than 50 % in the 100 year site and the uncut forest (Figure 3) . About a fourth of Terminalia seedlings survived in the control plots in the 2 year site, the 6 year site and uncut forest while survival was highest in the 12 year site (56 %, Figure 3 ). 
Seedling survival across all sites
The output of the GLMM undertaken across sites with the age of site and different treatments as predictor variables and proportion of seedlings alive at the end of the study as the response variable indicated that while the age of site did not have a significant effect on Saurauia and Terminalia seedling survival, survival of Castanopsis increased with age (F = 0.01, p = 0.005, Figure 4 , Table   1 , full model results in Table S1 -S3) . Across all sites, survival of Saurauia was higher in exclosure plots (F = 1.83, p = 0.01, Table 1 ). None of the treatments had a significant effect on the survival of Terminalia. GLMM analysis undertaken in different-aged sites and uncut forest indicated factors that affected seedling survival specifically in each site. For Saurauia in the 2 year site, exclosure plots singly (F = 2.39, p = 0.02) and in combination with shade (F = 2.10, p = 0.03) had significantly higher seedling survival in comparison with control plots (Table 2) . Exclosure plots in uncut forest (F = 2.91, p = 0.00) also had higher seedling survival than control plots (Table 2) . 
Survival curves
The Kaplan-Meier (K-M) survival curves indicated species-specific as well as treatment-specific differences, which were tested using the log-rank tests, based on which statistically significant differences (p < 0.05) between seedling survival in control and treatments plots were identified (Figures S1 -S3, Tables S4 -S6 ). All other survival curves that were not significant have not been
shown. For the pioneer species Saurauia, survival curves in the herbivory exclosure plots in the 2 and 25 year sites and uncut forest were significantly different from those in control plots, respectively ( Figure S1 ). Seedling survival curves of plots with all three treatments combined were significantly different in the 2 year and 50 year site than those in control plots for Saurauia. Survival curves in vegetation cleared and control plots the 6 year site were significantly different. Further, survival curves in treatments with shade and vegetation clearing were different from those in control plots in the 12 year and 100 year sites. In the 50 year site, survival curves were significantly different in exclosure plots with vegetation clearing and shade plots in comparison with those in control plots.
For Terminalia, in the 2 year site, survival curves in vegetation cleared plots and plots with all three treatments combined were significantly different from those in control plots ( Figure S2 ). In the 12 year site, the survival curves in the shade and vegetation cleared plots were significantly different from those in control plots. In the 25 year sites and the older successional sites and uncut forest, the survival of seedlings in control and treatments plots was lower than 20 % and survival curves for these sites were not plotted.
For Castanopsis, in the 6 year site, survival curves were significantly different between control plots and plots with exclosures and vegetation cleared and plots with all three treatments ( Figure   S3 ). In the 25 year site, survival curves were significantly different between control plots and plots with shade and plots with all three treatments. In the 100 year site, plots in which vegetation was cleared had significantly different survival curves in comparison with control plots.
Discussion
Seedling survival patterns
Overall, more than a quarter of the seedlings introduced in this study survived till the end of the study and seedling mortality was highest in the first six months, with the highest mortality in the early successional site. Seedlings of the pioneer species Saurauia survived generally well in all sites Several Castanopsis species are characteristic of mature sub-tropical forests in the Eastern Himalaya (Sundriyal et al., 1994) , therefore we expected the survival of the species to be highest in the uncut forest. However, we did not expect that Saurauia seedlings would survive well in the older sites and uncut forest, given that it is known to be a pioneer species. Although Saurauia seedlings survived in these sites till the end of the study, it is unlikely that they will survive to the adult stage, since we recorded trees of the species in 12 year and 25 year successional sites and did not find trees or seedlings of the species in the vegetation sampling we undertook in the older successional sites and uncut forest (Teegalapalli & Datta, 2016) . Similarly, Saurauia trees were recorded from early successional fallows formed following shifting cultivation in Vietnam but were not recorded from adjoining old-growth evergreen broad-leaved forest (Van Do, Osawa & Thang, 2010) . We speculate that other mortality factors at later stages (sapling or pole) that we did not monitor in our study may result in the absence of this species in late successional sites. The seedling survival patterns of Terminalia reflected the adult tree composition patterns recorded from the site:
trees of the species were only recorded from the intermediate (6 and 12 year sites) successional sites (Teegalapalli & Datta, 2016) .
Factors affecting seedling survival
The pioneer species Saurauia was more susceptible to herbivory: introducing exclosures that prevented herbivory by mammals improved the number of seedlings that survived as well as the survival period across all sites. The 'strategic resource allocation' concept (McCook, 1994) suggests that pioneer species expend more on faster growth than on herbivory defense in contrast with slowgrowing mature forest species that need to defend themselves due to their slower growth and expend more on secondary metabolites (Coley, 1983; Feeny, 1976) . The higher rates of growth have been attributed to better adaptation to nutrient intake and retention under low soil nutrient conditions and allocation of high amounts of energy to root production (Uhl, 1987) . For example, in Barro Colorado Island, Panama, pioneer species had six times higher levels of herbivory than mature forest persistent species (Coley, 1983) . In this study site, herbivory is likely an important factor affecting regeneration since the livestock that the resident Adi community rear graze in the successional fallows. Saurauia can be expected to be particularly susceptible to herbivory as the species has relatively high calorific value and is also used as cattle fodder in Sikkim and Nepal (Chettri & Sharma, 2008) .
Survival of the mature forest species Castanopsis was enhanced in plots with all three treatments combined; shade, exclosures and vegetation cleared in the 6 and 25 year sites. Specifically, providing shade in the 25 year old site improved the survival of the species, while seedlings in the 6 and 12 year sites had relatively low survival both in control and shade plots. This indicates that the favourable conditions required for this shade-loving species to survive were not met even in shaded plots that provided 40 % of the ambient light conditions in the intermediate successional sites.
However, Castanopsis seedlings surviving better in vegetation cleared plots than in control plots could be due to factors that were not controlled for in this study.
Terminalia seedlings survived relatively well in the intermediate sites.
T. myriocarpa is a fastgrowing, light-tolerant species (Bhattacharya & Nanda, 2005; Deb et al., 2014; Qureshi, 1968) and relatively less affected by herbivory as shown in this study, which likely fosters its survival in the intermediate successional sites. In the 2 year old site, however, both clearing vegetation, singly as well as in combination with shade and herbivory exclosures improved survival of the seedlings, indicating that the species is unable to colonize recently abandoned clearing due to a combination of factors.
Insights into succession mechanisms
Pickett, Collins and Armesto (1987) suggested that a combination of mechanisms can be applicable in a successional stage in contrast with the individualistic models of facilitation, tolerance and inhibition suggested by Connell and Slatyer (1977) . In our study, seedling survival patterns in different treatments indicated species-specific as well as site-specific interactions between species and the existing vegetation. Introducing exclosures and shade positively affected seedling survival of Saurauia in the early successional site indicating that pioneer tree species cannot immediately colonize an open area due to the harsh physical conditions and may need to be facilitated by the pioneer shrubs that colonize the clearings first.
The vegetation in the 2 year site was dominated by seedlings and saplings of the small tree / shrub species Maesa indica and M. ramentaceae (Teegalapalli & Datta, 2016) . Fruits of these species are small and widely dispersed by smaller frugivorous birds and Maesa indica is a forest-gap adapted early-successional species in southern India (Chetana & Ganesh, 2012; Ganesh & Davidar, 2001 ).
These species possibly modify the environment to make it suitable for the early successional tree species to colonize, which indicates facilitation. A similar successional trend was recorded in abandoned fields in the Rio Negro region of the Amazon Basin (Uhl, 1987) ; grasses and forbs dominated in the first year of succession, followed by a dominance of shrubs and long-lived tree species were recorded only after 5 years.
In contrast, clearing existing vegetation in the early successional site improved the survival of T.
myriocarpa suggesting competition as the likely mechanism inhibiting its survival. However, it was difficult to clearly tease apart if competition with existing vegetation was the single factor that improved survival of seedlings since seedlings in plots with all three treatments also survived better than control plots in the early successional site. This is particularly so, since in the 12 year site, contrary to expectations, the combined effect of providing shade and clearing vegetation reduced the survival of the species. Survival of the mature forest species Castanopsis seedlings in control and treatment plots in the early successional site was negligible, indicating that mature forest species can colonize sites, survive and reach the adult stage only after certain conditions of the physical environment have been met.
Site-specific factors that can affect seedling survival
A shifting cultivation landscape such as the one used for this research is one that is in a constant flux of farming management. While the early successional sites are sites that were recently cultivated, the intermediate sites are the ones that will be cultivated in the future since the fallow period, the gap between two cultivation phases, is 10 years in the region (Teegalapalli & Datta 2016 , Teegalapalli et al. 2018 ). However, the older 25 and 50 year sites are sites which were cultivated once and abandoned subsequently due to low soil fertility and crop productivity.
Therefore, it is likely that seedling survival in these sites do not reflect the seedling survival in a site that has recovered for 25 to 50 years. On the contrary, the 100 year old site in the landscape chosen for this research was one which was not abandoned for the same reasons and seedling survival in this site was comparable with that in uncut forest.
Conclusion
To our knowledge, this is the first study in India in which manipulative experiments were undertaken to investigate the importance of multiple factors that affect seedling survival in a successional landscape. The mature forest tree species did not survive in the early successional sites, whereas under certain conditions, the mid-successional and the pioneer species survived relatively well. The seedling survival of the mature species increased with age and was highest in 
